Abstract. The RNA genome of an Indian strain of Japanese encephalitis virus (JEV), GP78, was reverse transcribed and the cDNA fragments were cloned in bacterial plasmids. Nucleotide sequencing of the cDNA clones covering the entire genome of the virus established that the GP78 genome was 10,976 nucleotides long. An open reading frame of 10,296 bases, capable of coding for a 3,432 amino acid polyprotein, was flanked by 95-and 585-base long 5Ј-and 3Ј-non-coding regions, respectively. When compared with the nucleotide sequence of the JaOArS982 strain, the JEV GP78 genome had a number of nucleotide substitutions that were scattered throughout the genome except for the 5Ј-noncoding region, the sequence of which was fully conserved. Comparison of the complete genome sequences of different JEV isolates showed a 1.3-4.1% nucleotide sequence divergence among them, which resulted in 0.6-l.8% amino acid sequence divergence. Analysis based on the complete genome sequences of different JEV isolates showed that the GP78 isolate from India was phylogenetically closer to the Chinese SA14 isolate.
Japanese encephalitis virus (JEV) is a mosquito-borne virus that was first isolated from a human case in Japan in 1933. The virus has since become a major public health problem in many Asian countries such as China, India, Korea, Thailand, Nepal, Vietnam, Indonesia, Malaysia, and Burma. 1 In India, the virus activity was first demonstrated through a serologic survey in 1954, which showed the presence of JEV neutralizing antibodies in humans. 2 Subsequently, virus was isolated from patients and mosquitoes. [3] [4] [5] The virus is now endemic in many areas of the country with frequent epidemics of the disease being reported from different regions. 6 The JEV genome is a plus-sense, single-stranded RNA of approximately 11 kilobases. It has a single open reading frame (ORF) that is subsequently cleaved into a number of structural and non-structural proteins. The 5Ј one-third of the genome codes for the structural proteins, namely, capsid, membrane, and the envelope, while the 3Ј two-third of the genome codes for non-structural proteins NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5. 7 Since the virus has an RNA genome, it has high potential for evolution. 8 Strain variations have been shown among JEV isolates obtained from different geographic locations. [9] [10] [11] [12] Within India, isolates obtained from different parts of the country have also showed marked differences in their oligonucleotide fingerprints, with some more related to Japanese strains of the virus, whereas others were more related to Chinese strains. 13 Complete nucleotide sequences of the JEV strains from Japan and China are known. [14] [15] [16] However, information on the complete genome sequence of JEV isolates from other geographic locations has not been available. We have now cloned the genome of GP78, an Indian isolate of JEV and have established its complete nucleotide sequence, making it the first non-Japanese/Chinese JEV sequence. In this paper, we present the genomic sequence of the GP78 strain of JEV from India and compare it with other Chinese and the Japanese sequences to show that it is phylogenetically closer to the SA14 strain from China.
MATERIALS AND METHODS

Virus and cells.
The JEV isolate 78668A, isolated from the postmortem brain tissue of a 38-year-old woman patient from an epidemic of encephalitis that broke out in Gorakhpur, India in October 1978, was obtained from Dr. Asha Mathur (King George's Medical College, Lucknow, India). 17 The virus was plaque purified twice on monolayers of porcine stable kidney (PS) cells 18 and the isolate was subsequently referred to as the GP78 strain. The PS cells were obtained from the National Center for Cell Sciences (Pune, India). Cells were grown at 37ЊC in Eagle's minimal essential medium supplemented with 10% fetal calf serum.
Isolation of viral RNA. The PS cells were infected with JEV GP78 at a multiplicity of infection of ϳ1. Culture supernatant containing the virus was harvested at 72 hr postinfection. The supernatant was clarified of cellular debris by centrifugation. The RNA was extracted from 0.5 ml of culture supernatant containing ϳ10 7 plaque-forming units of virus using the QIAmp viral RNA extraction kit (Qiagen, Dusseldorf, Germany).
Nucleotide sequencing of the JEV GP78 genome. The complete virus genome was cloned as cDNA fragments representing the 5Ј-and 3Ј-non-coding regions (NCRs) and the segments coding for the capsid, pre-membrane, envelope, NS1, NS2, NS3, NS4, and NS5 proteins. Synthesis of cDNA was carried out using the Titan one-tube RT-PCR kit (Roche Diagnostics, Basel, Switzerland) and appropriate synthetic oligonucleotides based on the nucleotide sequence of the JaOArS982 strain of JEV.
14 The kit used avian myeloblastosis virus reverse transcriptase for cDNA synthesis and a high-fidelity polymerase enzyme mixture containing Taq and Pow polymerases. 19 Twenty-five cycles of amplification were carried out and the reverse transcriptase-polymerase chain reaction product was cloned in the pGEM-T vector (Promega, Madison, WI). The sequence of the insert was determined by dideoxy chain termination method 20 using a commercial plasmid DNA sequencing kit (U.S. Biochemicals, Cleveland, OH) and appropriate synthetic oligonucleotides based on the sequence of the JaOArS982 strain. At least 2 clones of each of the genome segments were sequenced; a third clone was sequenced in case of a discrepancy. Junctions of the cDNA fragments on the genome were sequenced by direct viral RNA sequencing using a commercially available RNA sequencing kit (U.S. Biochemicals). The complete 
Non-conservative Conservative Non-conservative Conservative * Amino acid positions are as per the sequence of the JEV JaOArS982 polyprotein. 14 † All changes except the following were designated as non-conservative: Arg ↔ Lys, Ser ↔ Thr, Asp ↔ Glu, Gln ↔ Asn, Val ↔ Leu ↔ Ile ↔ Met, Ala ↔ Gly, Ala ↔ Val, and Tyr ↔ Phe.
sequence of the GP78 genome is available from the GenBank database (accession no. AF075723).
Sequence analysis. Alignment of nucleotide or amino acid sequences was carried out as per the Jotun Hein method 21 using the Lasergene software (DNASTAR, Inc., Madison, WI). The PHYLIP package 22 was used for constructing the phylogenetic tree. Reliability of the tree was evaluated statistically by using 100 bootstrap replicates. 23 
RESULTS
Nucleotide sequence of JEV GP78. Nucleotide sequences of individual cDNA fragments and their junctions on the viral genome were obtained. On assembling these sequences, the genome of JEV GP78 was found to be 10,976 nucleotides. The genome organization of the GP78 strain resembled that of other known JEV strains. It had a single ORF from nucleotides 96 to 10391 encoding a polyprotein of 3,432 amino acids. The ORF was flanked by the 5Ј-and 3Ј-NCRs of 95 and 585 bases, respectively.
Comparison of the GP78 nucleotide sequence with the JaOArS982 strain of JEV. Strain JaOArS982 was the first JEV strain for which the complete genome sequence was available and is thus regarded as the prototype JEV sequence. We have compared the GP78 genome sequence with that of the JaOArS982 sequence. The sequence comparison showed that GP78 had a number of nucleotide substitutions that were scattered throughout the genome except for the 95-nucleotide 5Ј-NCR, whose sequence was totally conserved (Table 1) . A total of 306 nucleotide substitutions were found, representing a 2.78% nucleotide difference. Of these, 262 mutations were in the third position of the codon and did not result in an amino acid substitution. Forty-four amino acid substitutions were found, representing a 1.28% amino acid difference. The structural proteins had 12 amino acid substitutions, 9 of which were of the non-conservative type (Table 2) . DISCUSSION The RNA viruses have high potential for evolution due to the lack of repair mechanism(s) during the replication of their genome. 8 Strain variation has been demonstrated among JEV isolates obtained from different geographic locations by several investigators using methods based on cross-neutralization, 24 oligonucleotide fingerprinting of the virus genome, 9,13 and virus reactivity to monoclonal or polyclonal antibodies. [10] [11] [12] In recent years, some studies on JEV strain variation and phylogenetic relatedness have been made by direct comparison of the virus genome sequence. [25] [26] [27] However, these studies were based only on a limited nucleotide sequence. We have established the complete nucleotide sequence of the GP78 strain of JEV. This is the first Indian isolate of JEV for which the complete sequence has become available. Prior to this, complete genome sequences of JEV isolates have been available for the JaOArS982 strain from Japan, 14 Beijing-1, 15 SA14, 16 and P3 28 strains from China, and the RP-9 (GenBank accession no. AF014161) strain from Taiwan. We have carried out pair-wise alignment of the complete Nucleotide or amino acid sequences of these viruses to establish phylogenetic relatedness.
The analysis showed that these strains had a nucleotide divergence of 1.3-4.1% (Table 3) . Thus, the SA14 and the P3 strains were least diverged from each other (1.3%), while Percent amino acid divergence * Complete nucleotide sequences of JEV genomes or amino acid sequences of their polyproteins were aligned by the Jotun Hein method. 21 Percent nucleotide divergence (shown above the empty boxes) or the per cent amino acid divergence (shown below the empty boxes) was calculated by comparing sequence pairs in relation to the phylogeny reconstructed by MEGALIGN using Lasergene software (DNASTAR, Inc., Madison, WI). Alignment resuts of the amino acid sequences of the envelope proteins or their nucleotide sequences are shown in parentheses. FIGURE 1. Phylogenetic relationship among Japanese encephalitis virus (JEV) strains. Complete nucleotide sequences of JEV genomes were aligned using CLUSTAL W. 31 The phylogeny tree was constructed by the PHYLIP program 22 that used 100 bootstrap replicates of the sequence data. Distance matrices were calculated by DNADIST 22 and analyzed by the neighbor-joining method. 32 The numbers at the forks indicate the number of times the group consisting of the species to the right of the fork occurred among 100 trees. Shown is an unrooted tree.
the Beijing-1 and the GP78 strains were the most diverged (4.1%). Functional divergence calculated on the basis of amino acid sequence of the viral polyprotein varied between 0.6% and 1.8% (Table 3 ). The pattern of functional divergence among different JEV isolates was same as the nucleotide divergence. To establish evolutionary relationships among these JEV isolates, phylogenetic trees were constructed based on their nucleotide or amino acid sequences. A dendrogram based on the nucleotide sequences (Figure 1) indicates that the GP78 strain, in evolutionary terms, is closest to the SA14 strain from China and is farthest from the Beijing-1 strain. This could be related to the chronology of virus spread from Japan to China and then to Southeast Asia and India.
There were significant differences in levels of divergence when calculated using the partial or the complete nucleotide sequences (Table 3) . For example, nucleotide divergence between the RP9 and the JaOArS982 strains was 2.3% when calculated using the complete sequence, but only 1.5% based on the sequence of the genome coding for the envelope protein (nucleotides 978-2477). This indicates that there is more variation in the rest of the genome between these two strains than in that region coding for the envelope protein. Similar variation was found when amino acid divergence based on the partial sequence was compared with that calculated on the basis of the complete sequence of the polyprotein. Ni and Barrett 27 made similar observations while comparing envelope gene/protein sequences of a number of JEV isolates obtained from different geographic locations. They found that the extent of sequence divergence differed when calculated using envelope or pre-membrane (prM) sequences. It would therefore appear that phylogenetic analyses carried out for a number of JEV isolates using the partial sequence of the prM 25 or the envelope 27 genes may not provide a true estimate of the complete sequence divergence. However, it may be noted that even though there were differences in the extent of sequence variation as discussed above, this did not result in changes in evolutionary relationships among the strains.
A total of 306 nucleotide substitutions were detected when the GP78 and JaOArS982 strains of JEV were compared ( Table 1 ). The 95-base 5Ј-NCR showed no changes. Both the 5Ј-and 3Ј-NCRs are involved in virus replication. In addition, sequences in the 5Ј-NCR are also involved in the control of viral RNA translation, which is necessary for producing viral proteins that are subsequently required for genome replication. This could explain why the sequence of the 5Ј-NCR was so well conserved.
There were no obvious hot-spots since the nucleotide substitution rate for other parts of the genome varied between 1.69% and 3.41%. Only 44 of the 306 base substitutions resulted in amino acid changes since most of the nucleotide changes were in the third position of the codon. Thus, only 14% of the nucleotide substitutions resulted in an amino acid substitution. The highest rate of nucleotide substitutions resulting in an amino acid change (approximately 38%) was found for the capsid protein whereas these rates were lower for envelope (approximately 12%), NS5 (approximately 9%), and NS4s (approximately 8%). These figures emphasize the functional importance of the amino acid sequences of these proteins. Various important functions of the envelope protein in terms of virus attachment, penetration, fusion, and hemagglutination have already been described. 29 The NS5 protein is an important non-structural protein that functions as the viral RNA replicase. 30 The function of the NS4 proteins is not clear, but the amino acid conservation observed suggests an important role for these proteins in virus replication.
